Despite the great advance brought by the National Interconnected System (NIS), which is able to provide clean hydroelectric power to almost all Brazilian customers, there are still cities supplied by power generated from fossil fuel, which are subsidized by taxes, they are called Isolated Electric Power Systems (IEPS). Pará State, that has 34 cities with IEPS, also has potential to crop raw material (palm and sugar cane) to produce biodiesel for power generation. Our study analyzes the supply and distribution network of biodiesel under some scenarios of waterways availability, considering that they are also source of power to the NIS by the construction of hydroelectric dams. We develop specific demand and facility location models and apply them to the scenarios. Our results point to the efficiency of the generated models, the importance of three cities for the network, and to the little impact of some waterways in the total transportation costs.
Introduction
The Brazilian National Electric Power System is divided into two geo-electric regions: the big one, with 60% of the national territory and 97.6% of the power market, referred as the National Interconnected System (NIS), and the little one, with 340 isolated power systems, 40% of the territory, and 2.4% of the power market, called Isolated Electric Power Systems (IEPS) (CONDE, 2006) .
Most of NIS's electric power comes from hydroelectric plants and is transmitted by highvoltage networks. These networks allow the power to be traded among the NIS's subsystems: Southern Region, Southeastern Region, most of Northeastern and Central Western Region, and part of Pará State. IEPS's power is mostly of thermal origin (diesel and fuel oil), transmitted by short power grids to no more than one city. There are IEPS in the States of Acre, Amazonas, Amapá, Rondônia, Roraima, part of Pará and Mato Grosso and three locations in the Northeastern Region (SANTOS, 2008) .
IEPS generally have low supply quality and high operation costs, mainly because of (CONDE et al., 2009) According to Eletrobras (2011) only 6 of the 34 IEPS of Pará are supplied through roads, the remaining ones are supplied through rivers, which takes a time spam considered too long when compared with the supply planning period of the IEPS (1 month).
The recent growth in the IEPS's fossil fuel consume has been discussed among the Government and power sector planners due to concerns about the Fuels Consume Tax (FCT). This federal subside aims to equalize the high generation costs of thermal power to the costs of NIS's power (SANTOS, 2008) . The FCT is considered the major tax in the NIS's power bill (SANTOS, 2008) . All the NIS electric power dealers must contribute to the FCT with a monthly share, proportional to its market size, in such a way that all the Brazilian customers pay for most of the IEPS's fuel (CONDE, 2006) .
The concerns over FCT and the IEPS's low supply quality when associated with the global warning discussions motivate the search for alternative energy sources, able to reduce the regional dependency of fossil fuels and lower the national taxes. The fuels obtained from the extraction and processing of biomass, such as forest and agro-industry residues, vegetable oils, and biodiesel rank among the top alternatives to the IEPS of the Northern Region (SANTOS, 2008) .
Biodiesel is an ester of fatty acids, substitute of mineral diesel. It has cleaner combustion and is obtained from renewable natural sources such as vegetable fats and oils. As the mineral diesel, it is used in internal combustion engines and can be blended with the latter (Bn, with n standing for the biodiesel percentage in the mixture) or pure (B100), requiring few modifications in the engine (UDAETA et al., 2004 ). B100's efficiency is about 94% of the mineral diesel (SILVA et al., 2006) .
Biodiesel is obtained mainly from transesterification, which is the reaction of vegetable oils with an active intermediate, created by the reaction of a short chain alcohol (ethanol or methanol) with a catalyst (UDAETA et al., 2004) . The balance of the chemical equation with ethanol receives 954kg of vegetable oil (87% of the entrance) to react with 140kg of alcohol (13% of the entrance), yielding 1000kg of biodiesel and 94kg of glycerin (DAVARIZ, 2006) .
Palm oil and sugar cane were the second and third agricultural commodities more produced in Pará State in 2007, with a production of about 870,000 and 667,000 tons, respectively. Tailândia (palm oil) and Ulianópolis (sugar cane) ranked as the main producers (FUNDAÇÃO..., 2009) . There is at least one company producing ethanol in the latter (OLIVEIRA et al., 2007) .
The raw material availability plus the existence of 34 IEPS fueled by diesel oil in Pará State creates the possibility for these systems to be supplied by local biodiesel. Our studies aims at modeling Pará's IEPS's biodiesel demand for 2011 and apply a facility location model to determine optimal places and sizes of biodiesel plants to supply all the IEPS.
For the demand forecast, we will use a top-down approach of Holt-Winters multiplicative model to forecast the diesel demand, and use that to obtain the biodiesel demand forecast.
For the biodiesel plants location, we will develop, based on the Capacitated Facility Location Problem (CFLP), one model that considers the transportation costs from the plants to the customers, the transportation costs of the raw materials (palm oil and ethanol) to the plants, the size and fixed costs of the biodiesel plants.
The remainder of the paper is organized as follows. In Section 2 there is a literature review abut the demand forecast and facility location concepts used in our study. In Sections 3 and 4 we develop the demand forecast and the facility location models that we use, respectively. In Section 5 we present and treat the data to be inputted into the models. In Section 6 we present the results obtained in all the waterways availability scenarios, and discuss the impact of the hydroelectric plants' dams over the transportation costs. In Section 7, we finish the paper with our conclusions and suggestions for future studies.
Literature review
Demand forecast and facility location are strategic decisions for the supply chain, having strong impact upon operational and tactical management levels. More specifically, facility location is the most important strategic decision, given its higher costs and its power to determine transportation conditions and inventory levels all over the network future operation WANKE, 2009) . Demand forecasting is the start point for the whole planning process, given that it defines which, how many and when the products will be consumed (DIAS, 2009).
Time series forecast
The demand forecast models that consider the past demand, known as time series models, are suitable when the future demand is expected to follow historical patterns (CHOPRA; MEINDL, 2009) . These models consider that the demand (Y) can be split into a systematic (Ŷ) and a random component (e), as (1).
After the systematic component is obtained from the forecast technique, one must model the residues sequence (noise). If the noise is independent and identically distributed (IID), the errors may be smoothing constants, choosing the one that yields the smallest value of (6) (SEGURA; VERCHER, 2001). Whichever optimization method one wishes to use, the following problem must be solved: ( , , ) Minimize ϕ α β γ (6) Subject to:
2.1.2. Holt-Winters' multiplicative For this model, Koehler, Snyder and Ord (2001) define the Equations 8, 9, 10, and 11, that follow the same principles of the equations on Section 2.1.1.
The error measure of one forecast is important to: estimate its random component, identify whether the forecast model is inadequate (CHOPRA; MEINDL, 2009) , and to determine the values of the smoothing constants. Segura and Vercher (2001) mention the root mean square error (RMSE), given by (12), as an often used error measure. This equation is what one wishes to minimize at (6). 
The identification of whether the forecast model is inadequate, means to check if it is able to properly forecast the systematic component (e.g. if pessimist or optimistic errors are not being generated), and generate IID errors. The errors are the difference among the forecasted values and the actual values of all the t periods, which is given by (13). The Durbin-Watson statistic (d) analyzes the relationship among the errors considered random and independent variables -called the random component (BROCKWELL; DAVIS, 2002 ).
An often used method to obtain the systematic component is the exponential smoothing, which is very effective in reducing the amount of data to be handled and the computer effort. It is based on the periodic update of up to three systematic components through smoothing constants (SEGURA; VERCHER, 2001). i) Level (E, constant mean horizontal demand), called simple exponential smoothing;
ii) Level and trend (T, when the mean demand increases or decreases with time), called double exponential smoothing or Holt's method (HOLT, 1957 (HOLT, , 2004 ;
iii) Level, trend, and seasonality (S, when the demand oscillates periodically), called triple exponential smoothing or Holt-Winters' method (WINTERS, 1960) .
The elements of Holt-Winters' method can be arranged in two ways: additive or multiplicative. Each of them respectively represent the seasonality's independency or dependency of the local mean (LAWTON, 1998).
2.1.1. Holt-Winters' additive Considering the demand periodicity as p, and as n the number of periods ahead of the period t that one wishes to forecast, Lawton (1998) states that (2) yields the forecast value for the period t + n.
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Level, trend and seasonality are given by (3), (4), and (5).
α, β, and γ are the smoothing constants to level, trend, and seasonality. They range from 0 to 1 (as stated in 7) and are mapped into a function that defines the error measure of the forecast. This error measure is usually the mean square error, mean absolute deviation or the root mean square error. The error measure must be minimized, as stated by (6). Usually, this minimization is done by mathematical programming or the generation of 11³ or 11² combinations of decimal increments on the data behavior, but also the forecast goal. Top-down is useful to look at the big-picture (strategic decisions), and bottom-up behaves well to operational decisions (FERREIRA, 2006) .
Facility location problems
Facility location models address questions like the quantity and location of facilities and the demand distribution among them. In this sense, two important strategic measures for facilities location are their proximity to the customers and their capacities (JAYARAMAN, 1998) . In fact, the average transportation distance was one of the first measures of the quality of the facility location (OWEN; DASKIN, 1998): by weighting the distance of some facility and its customers and the customers' demand, Hakimi (1964) defined his P-Median model, considering:
• j: index of some potential facility site,
• k: index of the customer,
• d jk : distance between j and k,
• P: number of facilities to be located,
• X j : 1 if some facility is opened at j, 0 otherwise,
otherwise.
We can state the following mixed integer programming model:
Subject to:
The objective function (15) minimizes the total weighted distance among the facilities and the customers. Constraint (16) fixes at P the number of facilities to be located, (17) and (18) • Bottom-up or aggregation method: individual, lowest level demands are forecasted, and then aggregated into the total demand forecast;
• Top-down or decomposition method: the total demand is forecasted and, based on historical proportions, the volume is divided to generate the low level forecasts.
The top-down approach is centralized and efficient when the demand is stable or varies in a similar fashion within all the markets, or when they share the same price policy. Instead, the bottom-up is decentralized and reflects more accurately each market's fluctuations, although it handles a greater amount of data and can't incorporate some systematic factors of the demand (e.g. the impact of the price policy) (BOWERSOX; CLOSS; COOPER, 2002) . It is also possible to use a mixed approach of top-down and bottom-up (KAHN, 1998; FERREIRA, 2006) .
Although the top-down approach tends to be more accurate, the bottom-up helps to identify some low level demand patterns that might be canceled with the aggregation (KAHN, 1998; FERREIRA, 2006) . Thus, the proportion ratio (f) of some low level (A) in the aggregated demand and the correlation coefficient (ρAB) among A and the remaining aggregated low levels (B) are two efficient measures to determine which approach to use (WANKE; SALIBY, 2007; WANKE, 2008) . When f varies with time, the top-down approach is less desirable. As ρAB becomes negative, it cancels off what Kahn (1998) calls "peaks and valleys". A positive ρAB correlation is more desirable, given that A and B are more "alike" (LAPIDE, 1998) .
The choice among top-down and bottom-up must be made taking into account more than the considering an efficiency correction factor of 1.064 (to overcome biodiesel/diesel 94% loss of efficiency, mentioned in Section 1), obtain the demand forecast for the biodiesel.
The Appendix A presents the coefficient of variation (CVf) and correlation (ρAB) of each IEPS from 2006 to 2010, and their participation ratio in 2010's demand. The appendix data and the fact that facility location is a strategic decision, allow us to consider the top-down approach as the ideal choice.
By analyzing the demand's evolution (Figure 1 ), we are able to see a trend to go up (the pilling up of the series shows that) and seasonality (valleys and peaks that repeat themselves in all the series, remarkably February's valley). Considering that both trend and seasonality are present, Holt-Winters' 
Development of a model to Pará's IEPS's biodiesel plant location
The traditional CFLP model is not quite adequate to locate biodiesel plants to supply Pará's IEPS, mainly because it does not consider the transportation costs the demand will be covered by opened facilities only, and (19) and (20) keep the variables binary.
P-Median assumes that the facility will be able to supply all the demands assigned to it (DAVARIZ, 2006) , but this assumption is only true if one knows in advance that the facility will operate below its capacity. To avoid that problem, some models use an upper bound of how much demand one facility can cover (MELKOTE; DASKIN, 2001 ). Such models are known as Capacitated Facility Location Problems (CFLP) (MIRANDA; GARRIDO, 2004) , in which the constraint (16) is relaxed, fixed operating costs are added to (15), and the model is constrained to the facilities' capacity (MONTEBELLER JÚNIOR; WANKE, 2009). Considering:
• α: transportation cost of one unit of the product,
• c j : fixed operating costs the facility located at j,
• W j : capacity of j's facility.
CFLP is derivate from the P-Median as:
Equation 21 minimizes the facility-customer transportation costs and the fixed operating costs (assuming that the costs are proportional to the distances). Constraints (22), (23), (25), and (26) act similarly as in the P-Median model, and (24) prevents that more demand is assigned to a facility than its capacity can handle.
Modeling Pará's 2011 biodiesel demand
For our study, we will consider the 34 IEPS supplied by Pará's electric power dealer. We will forecast the diesel demand based on Eletrobras (2011) and, The objective function (27) minimizes the annual operating costs of the plants and the total transportation costs. Constraint (28) assures that no more than one facility will be open at a specific location. Constraint (29) determines that all the demand will be covered by a single source. Constraint (30) assures that the demands will be assigned only to opened facilities. Constraint (31) defines the capacity limits of the facilities, and (32) and (33) assure that the variables remain binary.
Definition and treatment of input data
For the raw material (palm oil and ethanol), Tailândia and Ulianópolis will be considered as the shipping points, given that these cities are the largest producers, as discussed in Section 1. Another consideration drawn in Section 1 is that, for the sake of balancing the chemical equation, we must consider that: Poil = 0.87 and Pethanol = 0.13. To host biodiesel plants, we chose as candidates cities that have ports. They are: Belém (BRASIL, 2010a), Barcarena (BRASIL, 2010b), Santarém (BRASIL, 2010c), Itaituba (BRASIL, 2010d), Altamira (BRASIL, 2010e), and Marabá (BRASIL, 2010f) .
Considering the transportation costs proportional to the distance, one must obtain the distances between the cities and the unitary freight costs (R$/m³.km) to get S ij and D jk . For the arcs ij, we used the road distances from Pará's Road Map (Table 2 ) and the freight costs were considered as following: for the palm oil as 0.21 R$/m³.km (Davariz (2006) ; corrected by Brasil (2011) For the jk arcs, the distances were estimated by two ways: for the IEPS supplied by roads, we used the real distances in Table 2 . For the cities supplied by waterways, we estimated it by multiplying the Euclidean distance by a sinuosity factor s. To do that we converted the geodesic coordinates to between the biodiesel plants and the raw material plants (which is a very important factor in a State with great dimensions like Pará). Also, it is not able to choose among several types of facilities. Other small modification to the model is to include the direct account of the transportation costs instead of using a constant to obtain it.
First, let us add two new indexes to the model:
• m: biodiesel plant type's index.
For our biodiesel case study, the index i indicates palm oil and ethanol, and the index m indicates the plant type. Each plant type has specifics capacity and fixed operating costs.
New parameters also need to be added/modified: • P i : proportion of the raw material i in the biodiesel mixture,
• S ij : transportation cost (R$/m³) of the raw material i to the plant at location j (supply cost),
• C m : annual fixed operating cost (R$) of a plant type m,
• W m : annual capacity (m³) of a plant type m,
• D jk : transportation cost (R$/m³) of the biodiesel from j to k (distribution cost),
• H: annual aggregated demand (m³) of biodiesel, This scenario is shown in Section 6.5. In Section 6.6 we analyze and comment all the scenarios, focusing on the cost components and the local geography. The mathematical programming problems were solved using an electronic spreadsheet (demand forecast) and the AIMMS software (facility location problems), all the calculations were performed using an AMD Athlon X2 240 processor with 4 GB of RAM memory.
IEPS's demand forecast
First, we forecasted the aggregated diesel demand for 2011. Since we are interested in the Biodiesel demand, the diesel demand was multiplied by a 1.064 factor (discussed in Section 3) to take the diesel/biodiesel loss of efficiency into account. Those results (in m³) are shown in Table 5 .
Scenario 1: waterways full navegability
In this scenario, 3 middle-size plants were opened in the cities of Altamira (using 98.85% of the capacity), Cartesian coordinates using Tardelli and Wanke's (2009) Equations 34 and 35 (slight modifications to the author's equations). To calculate s, we compared some actual distances given by Pará (2006) and the corresponding Euclidean distances, which yielded s = 1,31. It must be pointed that we believe that Eletrobras (2011) misclassified Cotijuba's as roadaccessible, given that this IEPS is an island of Belém City. Thus we will consider Cotijuba as waterwayaccessible. The geodesic coordinates can be found at Table 3 
The unitary road freight cost will be considered as 0.42 R$/m³.km (SISTEMA..., 2011; mean of the values for clear fuels) and the waterway freight will be considered as 0.24 R$/m³.km (58% below the former, as Caixeta-Filho (2001) , mentions that waterway transportation is about 58% cheaper than road).
The annual capacity of the biodiesel plants and their annual fixed costs are in Table 4 , and were obtained in Carvalho (2008) and corrected by the IGP-M (BRASIL, 2011; 01/2008 to 01/2011 . The total aggregated demand (H) will be shown in Section 6 and is the sum of the demand forecast for 2011. The participation of each IEPS in it (f k ) will be considered as 2010's f (Appendix A).
Results and comments
In this Section we present the results of the calculations yielded by the models developed in Sections 3 and 4. In Section 6.1 we show the results of the forecast model. In Section 6.2, we find the one small-size plant in Santarém (usage of 96.02%), 1 middle-size plant in Marabá (usage of 28.82%), and 1 large-size plant in Barcarena (usage of 97.37%). The R$ 38,936,354 total annual costs were divided into R$ 11,356,672 of fixed operating costs, R$ 9,402,034 of supply costs, and R$ 18,177,648 of biodiesel distribution costs.
Comments on the results
When looking at the total annual costs, one cannot see much of a difference among the scenarios. There is a discrepancy of about 4% between the scenario 1 and 4, which are the ones with the greater and Barcarena (usage of 99.78%), and Marabá (usage of 88.13%) and 1 small-size was opened in Santarém (usage of 96.02%). The total cost was R$ 37,394,907, divided into R$ 9,848,368 of fixed operating costs, R$ 12,017,549 of raw material supply cost, and R$ 15,528,990 of biodiesel distribution cost. The network can be seen in Figure 2. 
Scenario 2: Tocantins' navigability blocked
In this scenario, only 2 plants were opened: one middle-size plant in Altamira (usage of 99.43%) and one large-size in Barcarena (usage of 84.53%). The fixed operating costs were R$ 9,661,244, and the supply and distribution costs were R$ 9,432,082 and R$ 19,041,306, summing a total annual cost of R$ 38,134,632. Figure 3 shows this network.
Scenario 3: Xingu's navigability blocked
The construction of Tucuruí Lock and Belo Monte Dam created the following network (Figure 4 ): 3 middle-size plants in Barcarena (usage of 99.84%), Marabá (usage of 86.62%), and Santarém (usage of 99.42%) and 1 small-size plant in Belém (usage of 99.54%). The total cost was R$ 38,430,208, of which R$ 9,848,368 were fixed operating costs, R$ 15,254,814 were supply costs, and R$ 13,327,026 were distribution costs.
Scenario 4: both waterways not navigable
The construction of Belo Monte Dam and Tucuruí Dam configured the network as follows ( Figure 5 ): one small-size plant in Itaituba (usage of 58.03%), The raw material supply costs changed between the scenarios. Although, a 0.5% resemblance can be seen among the two scenarios with lowest supply costs (2 and 4), both of them differ 34% from the scenario with the highest supply cost (scenario 3) and differ 17% from the supply cost of scenario 4. The low supply costs of scenarios 2 and 4 can be explained by the opening of large-size plants in Barcarena, which is closer to Ulianópolis and Tailândia. The high cost of scenario 3 can be explained by the opening of a middle-size plant in Santarém, in the Northwestern region of the State. So far, Santarém had only received small-size plants, it uniquely supplied the IEPS of Jurutí, that has one of the highest participations in the aggregated demand.
In the distribution costs, we can see that the difference between the highest (scenario 2) and the lower (scenario 3) value is 30%, while the two highest values (scenarios 2 and 4) differ only 5% among themselves, and the two lowest (scenarios 1 and 3) are 14% different. The high values in scenarios 2 and 4 are given to the opening of large-size plants in Barcarena, what forces the centralized demand covering of far away customers. Meanwhile, the low costs of scenarios 1 and 3 can be explained by the decentralization of the demand covering, thanks to the opening the plants closer to the customers.
Despite the differences in the supply and distribution costs, there is some stability in their sum (the transportation cost): R$ 27,546,539 in scenario 1, R$ 28,473,388 in scenario 2, R$ 28,581,840 in scenario 3 and R$ 27,579,682 in scenario 4. This fact allows us to see a trade-off among the transportation costs, and that the difference among the total costs in the scenarios is due to the fixed operating costs.
The analyses allow us to conclude that the navigability of the waterways has a stronger impact in the facilities costs than in the transportation costs, given that the model tends to balance up the latter.
About the local geography, the importance of Barcarena is remarkable. This city is not only close to Ulianópolis and Tailândia, but also close to the demand points that are concentrated in the Northeastern and Northwestern regions of the State. However, Marabá's importance must also be highlighted: it is the second closer city to the raw material plants, and the closer city to the Southeastern demand points (Santana do Araguaia, Santa Maria das Barreiras, and Barreira do Campo, that are supplied through roads), what allows the covering of these demands with low transportation costs, plus the covering of the demands at the North of the Tocantins waterway. This trade-off is not possible when the Tocantins waterway is blocked by the Tucuruí Dam, so the Northern demands are covered by a plant in either Altamira or Barcarena, and smaller total costs, respectively. Thus, a closer look is necessary to analyze all the cost components.
Scenarios 1 and 3 share the same value for operating costs, which is very close (2% smaller) to the operating cost of scenario 2. However, the fixed cost of the scenario 4 is 15% superior to the latter's cost, thanks to the opening of plants with low usage (58% of Itaibuba's plant and 28.82% of Marabá's plant). The plant in Marabá is opened even though Tocantins waterway is blocked. It supplies by road the cities of Santana do Araguaia, Santa Maria das Barreiras, and Barreira do Campo. As it can be seen, the waterways restriction elevated the costs by busting the economies of scale in the biodiesel plants. by the construction of dams. This fact highlights the impact of the dam construction in the logistics of the region and the need to include locks in the dam's projects.
Other questions of interest not addressed by this paper would include the improvement of our model to be also able to consider other logistic factors (as inventories). Studies like ours should also be performed with other commodities, to identify key cities and bottlenecks in this commodity network, optimizing the formulation of government projects.
the Southeastern demands are covered by Barcarena. When the Xingu waterway is also blocked, a middle size plant is opened in Marabá and, even operating far below its capacity, covers the Southeastern IEPS.
Altamira is another important city in our analysis, it is in an intermediate position between the demands of Northwestern and Western regions and the raw material plants in the Northeastern region. However, if the Xingu waterway is blocked, the city does not receive any plant because the Western IEPS supplied through roads do not have demand enough to compensate the opening of a dedicated plant, as happened with Marabá. Altamira's importance can be seen in the scenario 2: when the Tocantins waterway is blocked and only two plants are opened, Altamira's plant covers a good share of the biodiesel demand.
Belém, capital of Pará, has little importance in the scenarios thanks to its proximity (16 km) to Barcarena, which is closer to the Western demands. Santarém, the most distant city from the raw material plants (but closer to the Northwestern demand), appears in two scenarios recieving one plant exclusively to Jurutí and supporting Marabá in the coverage of the Northwestern demands when Altamira does not receive any plant due to the blockage of the Xingu waterway. Itaituba, the second most distant city from the raw materials supply plants, is also relatively distant from the Northwestern demands, in such a way that it only recieves one plant in the worst scenario.
Final remarks
The biodiesel demand forecast has been easily obtainable through the diesel demand, needing only an efficiency correction factor. The Holt-Winters' model returned a low error (RMSE = 361.27), which shows how effective it was to forecast the aggregated demand.
The developed facility location model has been proved to be efficient to consider more factors than the classic CFLP model, given that it was easily modified from the latter. It must be pointed the model's tendency to level up the transportation costs by trading-off the supply and distribution components, in such a way that our scenarios differentiated themselves mostly in the fixed operating costs.
The analysis of the scenarios added knowledge about how a possible biodiesel network to supply the IEPS would work in Pará State, considering its supply and demand locations, and the specific future and current transportation constraints. The analysis also pointed to the importance of three cities to the network: Barcarena, Marabá, and Altamira. 
